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§ : Abstract 
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Oh' We have systematically investigated the magnetic, electrical, and structural 

^ . properties of RuSr2GdCu208, in which a long-range ferromagnetic order and 

superconductivity have been previously reported to coexist. Based on the re- 
versible magnetization results, we conclude that the bulk Meissner state does 
not exist in this compound and that the condensation energy associated with 
'^ ■ superconductivity is negligible. The absence of a bulk Meissner state and the 

Q ■ superconductivity detected are thus attributed to the possible appearance of 

O, . a sponge-like crypto-superconducting fine structure in RuSr2GdCu208 sam- 

ples that are found to be chemically homogeneous to 1-2 //m and electrically 
uniform to ~ 10 /^m across the sample. 
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The general antagonistic nature between superconductivity and magnetism has been 
long recognized. Over the last two decades, extensive studies [Q have been carried out on a 
class of compounds known as ferromagnetic superconductors, in which the superconducting 
transition temperature (T^) is higher than the magnetic transition temperature (T^). While 
antiferromagnetism coexists with superconductivity, ferromagnetism does not, except in 
cases where the ferromagnetic order modifies its structure to a spiral or domain-like form to 
fit the superconducting state 0J^. Until very recently, the coexistence of ferromagnetism 
and superconductivity has been observed to occur only below T^ or only over a very narrow 
temperature region below T^. However, a new class of compounds, called superconducting 
ferromagnets [Q , with a higher T^ than T^ was recently reported to show the coexistence of 
superconductivity and a uniform ferromagnetic order below Tg. They are layered ruthenate- 
cuprates RuSraGdCusOg (Ru-1212) [| and RuSr2(REo.7Ceo.3)2Cu20io (Ru-1222) with RE 
= Gd or Eu [P|. Their transition temperatures (T^, Tg) are (133 K, 14-47 K) for Ru- 
1212, (180 K, 42 K) for Ru-1222 with RE = Gd, and (122 K, 32 K) for Ru-1222 with RE 
= Eu. Therefore, the observation is indeed very unusual and extremely interesting. It is 
particularly so in view of the important role of magnetism in cuprate high temperature 
superconductivity proposed by many theoretical models and the similar coordination of 
Ru02 and Cu02 layers in Ru-1212 and Ru-1222, respectively. 

Both Ru-1212 and -1222 have a structure |^,p similar to that of the cuprate high temper- 
ature superconductor GdSr2Cu307 = CuSr2GdCu207 (Gd-123 or Cu-1212) and are derived 
from Cu-1212 by replacing the CuO-chain layer with the Ru02 layer. For Ru-1222, the 
oxygen-absent Gd-layer between the two Cu02 layers in Cu-1212 is further replaced by the 
double fluorite (Mo.7Ceo.3)202 block. The charge reservoir block (SrO)(Ru02)(SrO) in these 
compounds has the same atomic arrangement as the perovskite SrRuOa 0, which is an 
itinerant ferromagnet with a T^ of ~ 160 K. The detection of a ferromagnetic state in Ru- 
1212 and -1222 attributed to the Ru-sublattice is therefore rather natural. What is most 
unexpected and exciting is the detection |^,^ of superconductivity in this ferromagnetically 
ordered state below Tg < Tm with the superconductivity assigned to the Cu02 layers, similar 
to the cuprate high temperature superconductors. It was proposed f^ that the Ru02-layer 
sublattice and the Cu02-layer sublattice are only weakly coupled and the exchange effect 
due to the Ru- moment in the Cu02 layer is small to allow the two ordered states to coexist. 
A possible p-pairing of the superconducting electrons was also mentioned, in which spins of 
the two electrons of the Cooper pair are parallel and the magnetic field effect on its super- 
conductivity is less detrimental, similar to that in the superconducting ruthenate layered 
compound Sr2Ru04 0, which has a T^ ~ 1 K. 

The ferromagnetic state in Ru-1212 and -1222 has been firmly established to be bulk and 
uniform to a scale of ~ 20 A across the samples examined P,|6|,p!0|. However, the evidence 
for superconductivity reported to date |]5|,|6|,[Tl[| in these compounds has been entirely based 
on the diamagnetic shift in the magnetic susceptibility (x) measured in the zero-field-cooled 
(ZFC) mode and the zero resistivity (p) in samples when cooled to below Tg. However, 
no diamagnetic x-shift in the field-cooled (EC) mode, the conventional signature of a bulk 
superconducting state, has been reported. This raises two interesting questions: Is the bulk 
Meissner state indeed absent in these compounds with bulk superconductivity, and if it is, 
why? We have therefore examined the superconducting state of Ru-1212 samples prepared 
under different conditions. We found that there exist no bulk Meissner state and only a 



negligible superconducting condensation energy in the chemically and electrically uniform 
Ru-1212 samples studied below Tg that show magnetic, electrical, and structural properties 
similar to those previously observed PJ7|JT^ . The absence of a bulk Meissner state and the 
superconductivity detected are therefore attributed to the possible formation of a sponge-like 
crypto-superconducting fine structure in Ru-1212. 

The samples investigated were prepared by thoroughly reacting a mixed powder of Ru02 
(99.95%), SrCOg (99.99%), GdsOs (99.99%) and CuO (99.9%), with a cation composition 
of Ru:Sr:Gd:Cu = 1:2:1:2, in steps similar to those previously reported ||5|,|^,p!l|,p!^ . The 



mixed powder was first heated to 900-960 °C in air or in flowing oxygen for 10-16 hr 
to decompose the SrCOs. The heated oxide was then pulverized, pelletized, and calcined 
in air, flowing nitrogen, or flowing argon at 1010-1020 °C for 10-16 hr. The process was 
repeated for some samples. The pellets were then powdered, pelletized, and heated in flowing 
oxygen at 1050-1060 °C for 10-16 hr. Some of the pellets were subsequently annealed in 
flowing oxygen for 6-7 days at 1055-1070 °C. The structure was determined by powder X- 
ray diffraction (XRD), using the Rigaku DMAX-IIIB diffractometer; the p by the standard 
four-lead technique, employing the Linear Research Model LR700 Bridge; and the x by the 
Quantum Design SQUID Magnetometer. 

The powder XRD patterns of all of our nominal Ru-1212 samples show Ru-1212 as the 
major phase, with zero to various amounts of Sr2GdRu06 and SrRuOs as minor magnetic 
impurities, depending on the sample preparation conditions. The prolonged annealing at 
1055-1070 °C does not seem to influence the XRD pattern but does increase the sample 
density. In the present study, we report only the results of samples that have undergone 
prolonged annealing and are pure within our XRD resolution of ~ 3%. The XRD pattern 
is in excellent agreement with the Rietveld refinement profile for a tetragonal Ru-1212 with 
space group PA/mmm as shown in Fig. |I]. The lattice parameters so-determined are a = 
3.8375(8) A and c = 11.560(2) A, in good agreement with values reported previously |]12 



Scanning electron microscope data show uniform composition across the sample except voids 
and also grains of dimensions ~ 1-5 /xm. 

The X nieasured at 5 Oe during both the FC and ZFC modes is displayed in the inset 
of Fig. |1] as a function of temperature. A strong diamagnetic shift starting at ~ 25 K (T^) 
is clearly evidenced in the ZFC-x but not in the FC-x, although a ferromagnetic transition 
appears at ~ 130 K in both x's, similar to the previous report 0. The diamagnetic shift 
detected corresponds to a shielding volume fraction of > 100% before the demagnetization 
correction. A drastic drop of p, measured by a current density of ~ 0.5 A/cm^, starting at 
~ 45 K and reaching zero at ~ 30 K (T^) is observed, similar to that previously reported 
||5,n|. H broadens slightly the transition and shifts the zero-p temperature from ~ 30 to 



~ 8 K at 7 T, characteristic of a superconducting transition below its T^. 

In a Type II superconductor, a strong flux pinning potential reduces the size of the dia- 
magnetic signal of the FC-x, which, in the extreme case, can lead to the apparent absence 
of a bulk Meissner effect. We have therefore examined the reversible or equilibrium magne- 
tization Mj. [|T3|, which excludes the flux pinning effect, as a function of H at temperatures 
below Tg. Mr{H) is determined as the average between the magnetizations measured at H 
during field increase (M+) and during field decrease (M_), i.e. Mr = [M+{H)] + [M_(if )]/2, 
ignoring the surface pinning, which is expected to be negligible for cuprate superconduc- 
tors. For a Type-II superconductor, dMr/dH is expected to exhibit a large increase from 



— l/47r to a positive value as H passes over the lower critical field (Hd), then to decrease 
with further if -increase, and finally to diminish for H > the upper critical field {Hc2)- For 
a superconductor with a long-range ferromagnetic order, such as the case of Ru-1212, the 
situation may be complicated by the possible asymmetrical ferromagnetic hysteresis. Steps 
have been developed to minimize such an effect [0. The ferromagnetism will result in an 
additional positive contribution to dMr/dH, which decreases with increasing field. Both 
Mr and dMr/dH of Ru-1212 are determined in different field ranges: ±5000 Oe in steps 
of 100 Oe, ±300 Oe in steps of 10 Oe, ±100 Oe in steps of 1 Oe, and ±30 Oe in steps of 
0.25 Oe. The results for ±300 Oe are shown in Fig. Q. Mr does not show any deviation 
from the almost linear magnetic i7-dependence nor does dMr/dH display the large increase 
expected of a Meissner state as H passes over Hd, even for H as small as ±0.25 Oe. The 
results unambiguously show the absence of a bulk Meissner state in our Ru-1212 samples to 
H = 0. However, the initial slight increase of dMr/dH with H allows us to estimate that 
no more than a few percent of a bulk Meissner state exists in the samples investigated. 

A spontaneous vortex lattice (SVL) has been proposed to form in a ferromagnetic super- 
conductor or in a superconducting ferromagnet 0], provided that the internal magnetic 
field [AirMm) associated with the magnetic moment (Mm) is greater than Hd but smaller 
than Hc2- The formation of the SVL can substantially reduce the size of the Meissner sig- 
nal, similar to that observed in Ru-1212. However, the condensation energy per volume {Fg) 
associated with the superconductivity in Ru-1212 may be estimated as 

F, = (l/47r) r^^MJH, 
Jo 

which can still be large, since ifc2 > 7 T ^ An Mm ~ 200-700 Oe, where Mg is the reversible 
moment associated with superconductivity. In Ru-1212, Mr = Mg + Mm- To determine Mg, 
we have measured M^'s of the superconducting Ru-1212 and the non-superconducting Ru- 
1212Zn [RuSr2GdCui,94Zno.o608] at 5 K (< T, of Ru-1212) and 50 K (> T,) up to 600 Oe. 
Both Ru-1212 and Ru-1212Zn exhibit a similar T^ of 130 ± 2 K. Mg is then obtained as 

[M,^«-1212 (5 K) - MrRu-1212Zn (5 K)] - [MrRu-1212 (50 K) - MrRu-1212Zn (50 K)] and is 

shown in Fig. |^. The second term in the parentheses is used to eliminate the change in 
magnetic properties induced by the Zn-substitution. The Mr (= Mg) of a YBa2Cu306.6 
(YBCO) sample with a bulk Meissner state and a T^ = 40 K, was also measured at 5 K 



and is displayed with previous high field data |]T^ in the same figure for comparison. It 
is evidenced that Fg of Ru-1212 at 5 K is very small and lies within the resolution of the 
measurements of ~ a few % of that of YBCO at the same temperature. This is also in 



agreement with the absence of a bulk Meissner state detected by us. It was shown |T^ 
previously that the condensation energy so determined is in agreement with that measured 
calorimetrically. Therefore, a specific heat anomaly ( ACp) associated with Fg at Tg of only a 
few % that for a bulk superconductor with a similar Tg is expected. This is in contrast to the 
ACp at Tg recently reported to be of the same size as that for Bi-1212 [|18|. Adding to the 
puzzle is the enhancement of the peak-temperature of ACp by field detected [0], reminiscent 
of an antiferromagnetic origin of the ACp. It is known that the antiferromagnet Sr2GdRu06 
appears often in Ru-1212 and has a Neel temperature ~ 30's K. A possible small inclusion 
(< 1%) of such an antiferromagnet in the Ru-1212 sample can account for the observation. 
Repeating the Cp-measurement on Ru-1212 samples with < 1% Sr2GdRu06 is warranted. 



although the measurement is far from being trivial, as already demonstrated |jT8|, because 
of the strong magnetic contribution from the sample. 

As described earlier, the samples investigated are structurally pure to the XRD resolution 
of ~ 3% and chemically uniform to the microprobe resolution of 1-2 /xm across the sample. 
Recently, both the ac and dc magnetizations of Ru-1212 samples, all powdered sequentially 
from the same bulk piece of ours to particles of sizes varying from 10 to 800 yum with grain 
sizes of 1-5 fim, were measured in fields ranging from 10~^ to 10^ Oe []T^. It was found that 
the hysteric part of the dc x and the imaginary part of the ac x scale linearly with the size of 
the particles (d) but the real part of the ac x decreases with d systematically and drastically. 
The former, which is a measure of critical current density and of the electrical connectivity 
throughout the particles, suggests that the Ru-1212 sample examined is electrically uniform 
to ~ 10 /im and the latter, which is a measure of screening, implies a penetration depth as 
large as 30-50 /im, suggesting a very small effective carrier density, which is consistent with 
the negligible condensation energy observed by us. 

To account for the absence of a bulk Meissner state, the appearance of negligible con- 
densation energy, and the presence of a large effective penetration depth in a structurally 
pure (~ 3%), chemically uniform (to ~ 1-2 fim), and electrically homogeneous (to 10 /xm) 
Ru-1212, we propose that there may exist a sponge-like superconducting network distributed 
uniformly across the Ru-1212 sample. In other words, the superconducting order may have 
modified itself with a fine structure (crypto-superconductivity) in order to fit the ferro- 
magnetic state in the superconducting ferromagnet Ru-1212, in a way very similar to the 
proposed crypto-ferromagnetism in a ferromagnetic superconductor. One possible scenario 
is for crypto-superconductivity to exist in the ferromagnet-domain boundaries where the 
magnetic field can be smaller than Hc2 and the magnetic scattering is suppressed. The 
possible formation of these fine ferromagnet-domains in the chemically uniform itinerant 
ferromagnet Ru-1212, driven by the electromagnetic interaction, appears to be not unrea- 
sonable in view of what has been observed recently in the closely related highly correlated 
colossal magnetoresistance manganites ||20|| . 

In conclusion, we have studied the structural, electrical, and magnetic properties of 
Ru-1212 samples prepared under different conditions previously reported. The reversible 
magnetization data clearly show the absence of a bulk Meissner state in Ru-1212 samples 
that are structurally pure, chemically homogeneous, and electrically uniform. By examining 
the difference between the reversible magnetization of the superconducting Ru-1212 and 
the non-superconducting Ru-1212Zn, we conclude that the condensation energy associated 
with the superconducting state is very small, not more than a few % of a bulk cuprate 
superconductor with a similar T,. To account for the observations, we propose the possible 
formation of crypto-superconductivity in the superconducting ferromagnet, similar to the 
formation of crypto-ferromagnetism in a ferromagnetic superconductor previously suggested. 
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FIGURES 

FIG. 1. XRD pattern of Ru-1212: dots — data and solid line — Rietveld refinement profile. 
The inset shows both the FC-x (v) ^^*i the ZFC-x (O) measured at 5 Oe. 



FIG. 2. Mr and clMr/dH vs. H of Ru-1212 at 2 K. 

FIG. 3. Ms vs. H for Ru-1212 (•) and for YBCO (□, A) at 5 K. Refer to the text for the detemi- 
nation of M^. The inset shows My. vs. H for superconducting Ru-1212 (•) and non-superconducting 
Ru-1212Zn (n) at 5 K. 
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